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(54) Dual-laser voltage probing of IC'a 



(57) A probe beam is used to sample the waveform 
on an 10 device under test (DUT) during each cycle of 
a test pattern applied to the DUT. A reference laser 
beam is also used to sample the DUT For each cycle 
of the test pattern, the reference and probe beams sam- 
ple the DUT at the same physical location, but at dis- 
placed times with respect to each other Each reference 
measurement is made at a fixed time relative to the test 
pattern while the probe measurements are scanned 
through the test-pattern time portion of interest, in the 
manner normal to equivalent time sampling, to recon- 
struct the waveform. For each test cycle, the ratio of 
these two measurements is taken. The fluctuations of 
these ratios due to noise is greatly reduced as compared 
to fluctuations of the probe measurements taken alone. 
Thus, a smaller number of averages is required to re- 
construct the waveform. 
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Description 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

The present invention relates to methods and apparatus for probing of an IC (integrated circuit) device with a dual- 
laser voltage probe. 

10 2. The Prior Art 

Optical-probe test systems typically operate by focusing a laser beam using lenses onto an IC device under test 
(DUT) and detecting the reflected beam. The laser-beam sampling pulses are generated at a wavelength at which 
silicon is effectively transparent. A confocal optical system allows a shallow focal plane to be precisely positioned 

IS relative to structure of the DUT to be investigated. 

Figure 1 illustrates schematically the principal of a prior-art confocal laser-beam probe system. Laser source 100 
generates an Incident beam 105 which passes through a beam splitter 110 via steerable galvo-mirrors 115. a scan 
lens 1 20 and an objective lens 1 25 to a DUT 1 30. The beam confocal ly-reflected from a focal plane 1 35 is shown in 
solid lines 140, while the non-confocally-reflected beam is shown in dashed lines 145. These reflected beams pass 

20 via objective lens 1 25, scan lens 1 20. galvo-mirrors 1 1 5. beam splitter 1 1 0 and lens 1 50. Confocal aperture 1 55 allows 
the confocally-reflected beam to pass to detector 1 60. but intercepts the non-confocally-reflected beam. Detector 160 
thus sees only the beam confocally reflected from focal plane 135 of DUT 130. 

Figure 2 shows schematically the manner in which the probe in a confocal laser-beam probe system is scanned 
in three dimensions to examine regions of interest within a sample. Galvo-mirrors 115 are steerable about two axes in 

2S the <t> and e directions so as to scan the incident beam in X- and Y-directions in a raster scan pattem 200 over a scanlens 
back focal plane 205, The incident beam is thus scanned in a con-esponding demagnified pattem 210 over the DUT 
130 after passing through objective lens 125. A beam expander 210 comprising a pair of lenses 215 and 220 and a 
pinhole aperture 225 provide spatial filtering of the incident laser beam 105 to approximate point source illumination. 
The incident beam is foucsed in the Z-direction by moving the sample as indicated at 230. 

30 Due to DUT interactions with the beam, the reflected beam carries infonnation about the DUT This information 

can take the form of reflected Beam amplitude; phase and/or polarization modulations, for example. These modulations 
may be due to changes in the DUT charge state, electric field strength, and/or temperature, caused by application of 
a test pattern to the DUT. for example. In order to detect phase and polarization modulations, it is usual to first convert 
them into an amplitude modulation. This can be done for polarization modulations by passing the beam through a 

3S beam polarizer. For a phase modulated beam, this can be done using interference techniques. Amplitude modulations 
can then be detected as intensity modulations using a photodetector. To increase the measurement bandwidth, equiv- 
alent time sampling techniques are used in which either the laser or the photodetector is pulsed/gated and the DUT 
test pattem is made repetitive. 

Problems arise when effects other than the one being probed result in unwanted modulations of the beam ampli- 

40 tude. For example, temperature changes as well as electrical field strength changes in the DUT may cause amplitude 
changes In the reflected probe beam. If only electrical field strength changes are of interest, the temperature changes 
behave as a source of noise in the measurement. 

Other sources of noise may be present. Figures 3A-3C illustrate one source caused by fluctuations in the overlap 
between the incident probe beam spot and the active regions of the DUT under study. This might result from movement 

4S of the beam focusing lenses relative to the DUT, caused by external mechanical vibrations, for example, it might also 
result from electronic noise in the drivers to the beam steering optics. Figure 3A Illustrates this variatton In overlap 300 
between the laser probe beam spot 305 and a region 31 0 to be probed, as might be seen when looking atong the beam 
direction at the DUT. A sinusoidal variation 31 5 of overlap vs. time Is shown for simplicity; the actual motion and resulting 
noise variation are likely to be more complicated. Figure 3B illustrates at 320 the effect of noise due to overlap variation 

so on the reflected intensity of the beam, assuming that the active region of the DUT has a higher reflectivity than its 
surroundings. Figure 3C illustrates the reflected intensity variatton 325 due to both the noise 320 and the signal of 
interest (e.g., charge density variation in the DUT due an applied test pattern). 

If the noise is random with respect to the test pattern, it is common practice to time-average the measurements 
over a number of test pattern cycles to increase the signal-to-noise ratio (S/N). However, it may take a large number 

ss of samples to average out the noise sufficiently since the signal-to-noise ratio is proportbnal to the square-root of the 
number of measurements averaged, i.e., S/N a sqrt(n). For example, if the noise fluctuations are riitially 100 times 
larger in amplitude than the signal (S/N = 0.01), it would take 10.000 samples to increase the signal to noise level to 
1 (0.01 X sqrt(1 0,000) = 1 ). Since the Interactions of Interest may only modulate the reflected beam intensities by 0.01 . 
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a noise amplitude of just 10% (S/N = 0.001 ) is problematic. 

Improved schemes are need to compensate for much of this noise, such that the number samples to be averaged 
to obtain adequate signal-to-noise ratio Is reduced. 

s SUMMARY OF THE INVENTION 

Preferred embodiments ofthe invention offer methods and apparatus for probing an integrated circuit device with 
laser light to acquire samples of a waveform appearing on the device as the device is exercised by a repetitive pattern 
of test vectors. 

10 A probe beam is used to sample the waveform on an IC device under test (DUT) during each cycle of a test pattern 
applied to the DUT A reference laser beam is also used to sample the DUT. For each cycle of the test pattern, the 
reference and probe beams sample the DUT at the same physical location, but at displaced times with respect to each 
other. Each reference measurement is made at a fixed time relative to the test pattern while the probe measurements 
are scanned through the test-pattern time portion of interest, in the manner nomial to equivalent time sampling, to 

IS reconstruct the wavefomi. For each test cycle, the ratio of these two measurements Is taken. The fluctuations of these 
ratios due to noise is greatly reduced as compared to fluctuations of the probe measurements taken alone. Thus, a 
smallern umber of averages is required to reconstruct the waveform. Fluctuations in incident-energy are also preferably 
compensated. 

These and other features of the invention will become apparent to those of skill In the art from the following de- 
20 scription and the accompanying drawing figures. 

BRIEF DESCRIPTION OF THE DRAWING 

Figure 1 illustrates schematically the principal of a confocal laser-beam probe system; 

Figure 2 illustrates schematically how a confocal laser-beam probe system is scanned In three dimensions to 
examine regions of interest within a sannple; 

Figure 3A Illustrates how noise causes overlap between the laser probe beam and the desired probe region to vary; 

30 

Figure 3B illustrates how variation in overlap between tfie laser pirobe beam and the deislred probe region results 

in noise in the detected intensity; 

Figure 3C illustrates how noise as in Figure 3B may mask a signal of interest; 

3S 

Figures 4A and 48 show how noise may be canceled using two laser pulses in accordance with the invention; 

Figure 5 illustrates calculation of the maximum time inten/al allowed between reference and probe sampling for a 
desired reduction in noise amplitude; 

40 

Figure 6 is a schematic illustration of a dual-laser probe system in accordance with the invention; 
Figure 7 is a schematic diagram of a timing generator useful in the system of Figure 6; 
45 Figure 8 shows timing relationships of signals in the timing generator of Figure 7; 

Figure 9 is a schematic diagram of signal detection electronics useful In the system of Figure 6; 
Figure 10 shows timing relationships of signals in the signal detection electronics of Figure 9- 

so 

Figure 11 illustrates the effect of reference detection errors due to vestigial mode-locked laser pulses; 

Figure 12 illustrates correction for vestigial mode-lock laser pulses by using different measurement modes in ac- 
cordance with the invention; and 

55 

Figure 13 is a flow chart showing the steps In the correction method of Figure 12. 
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DETAILED DESCRIPTION 

Laser-voftage probing methods and apparatus are provided which compensate for much of the noise described 
above with reference to Figures 3A - 3C, greatly reducing the number of averages required to obtain a desired signal- 

5 to-noise ratio. A time-equivalent sampling scheme Is used in which the laser beam is pulsed rather than gating the 
detector. In addition to a probe beam, a reference-laser beam Is used to sample the OUT waveform during each cycle 
of the test pattern applied to the DUT. For each cycle: the reference and probe beams sample the OUT at the same 
physical location, but at displaced times with respect to each other Each reference measurement is made at a fixed 
point in time in the test pattern while the probe measurements are scanned in time through the portion of the test 

10 pattern of Interest, in the manner normal to equivalent time sampling, to reconstruct the waveform. For each test cycle, 
the ratio of these two measurements is taken. The fluctuatbns of these ratios due to noise is greatly reduced compared 
to fluctuations of the probe measurements taken alone. Thus, a smaller number of averages Is required to reconstruct 
a sampled waveform. 

This is illustrated by Figures 4A and 4B. Plots 400 and 405 represent the reflected amplitude of a beam of light 
IS Incident on an active region of the DUT for two cycles of an applied test pattern in the presence of random noise. The 
signaMo-noise ratio is shown to be much less than 1 (S/N «1) as is likely to occur in an actual measurement. Insets 
410 and 415 show expanded views of identical portions of the test pattern for the two different test cycles. R and P are 
the amplitudes sampled by the reference and probe beams at times tp and 1p, respectively. Due to the noise, R and P 
may vary between test cycles by as much as the uncorrected noise amplitude. This noise variation must be averaged 
20 to obtain a desired signal-to-noise ratio. However, the ratio P / R can be made to vary by much less over the test cycles, 
so that the desired signal-to-noise ratio can be achieved with averaging of far fewer samples. 

The probe beam samples the reflected amplitude at times tpj in the test pattern to give amplitudes Pj (1 ^ i < n). 
These values vary greatly due to noise, as shown, and an accurate measurement of the signal at this point in the 
waveform would require a large number of samples to be averaged. A reference beam samples the reflected amplitude 
2s at times tj^ to give amplitudes Rj. These values also vary greatly due to noise. However, variations due to noise of the 
ratios P/R| are seen to be very much reduced, and an accurate measurement of these ratios can be made with far 
less averaging required. That Is, for P^ ^ and Ri 9t R2 . Pi / Ri * Pa / provided that: 

1 . The reference-laser and probe-laser pulses are focused to the same spot on the DUT This can be accomplished 
30 by guiding the pulses from both the reference laser and the probe laser through a polarization-presen/ing, single- 
mode optical fiber before the probe fbrmirig optics. The singfe-rhode fiber ensures that the spatial characteristics 
of the reference-laser pulses and the probe-laser pulses are identical at the exit of the fiber regardless of their 
characteristics at the input if the two lasers operate at the same wavelength. 

2. NMriations due to noise are slow compared to the time Inten/al between the reference pulse and the probe pulse 
3S for a given cycle of the test loop. This ensures that pulses from the reference laser and the probe laser sample 

the active region of the DUT with nearly Identical noise amplitude. How slow this needs to be depends on the 
maximum noise frequency, the Initial signal-to-nolse ratio, and the signal-to-noise ratio desired. Given an initial 
noise amplitude hi\nmai maximum frequency /, the maximum time interval Af allowed for achieving a desired 
noise amplitude Ndesired accordance with the scheme of the present invention can be estimated from Figure 5. 
40 where a> = 2nf . Assuming a sinusoidal noise variation as shown at 500 in Figure 5, 

^desired =|[W^/tfa/Si"(«>0]XAf=A//^^, <0COS(<Df)XAf 

45 or 



<ocos(fi>0 A/^^, (Dcos(ca0 SW^^^^^ " 2n/cos(CD/) S/N^^^.^^ 

so 

In the worst case, co8(ci)t) = 1 , so that 

At 1 / initial . 
"^^r^f^desJ 

For example, it S/N^^,;^^, :z 0.01 , S/N^^^;^^ = 1 , and f = 10 KHz, then = 0. 1 6 X 1 0"^ seconds. 

Figures 3A - 3B show the noise effect of beam wobble. The present invention applies to the cancellation of such 
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each lase, ,o aerlv, me „|ii,K„ DUT ° "™*™ I'"' I" 

In the following description, 

/c= CW reference incident energy 
Rc= CW reference reflected energy 

Imn = ML probe incident energy at waveform sample positbn n 
Rmn = ML probe reflected energy at waveform sample position n. 

wil be tal^ for each posL sampI^rZ SS^^ 

of the actual ML pulse energy Thei raS^ s^™^^^^ Thiscoefficlent is independent 

re«ect.ityo,.he^UTch^2'.:ernS:;u:^^^^^^^^^^ 

A ratio can be defined for sample position n Ksn - Ka/KmT wSlh I ^ ! ^ " ^"''s^antialV constant. 
Independent to a great degree of the position of Jie bim^^^e nuT^f -f '"''"^'f "^^^^ P"'«« «"«^9y and 
can be found for all other sarr,ple positions ?he ctenS oft^^L « f coefficients /CsCrr^r;. Ks(n^2). ... etc. 

ficient Tfe . so that changes in K^/can b^ nteraret^S cll^-fh h "7? ^"^^^'^ '^'^^S^ '^'^ 

show a waveform. interpreted as changes xn the state of the DUT and plotted against time to 

platform 604, is used to form probe pulses 606 S^r^^^TZ^l^Vf^ ^^'^"^ °" ^ "^^^^ 

35 ps width, at a repetitbn rate of 1 00 MHz ThLrou^L nltTh ? ^^'^ ""^ ^"'^'^ ^« P"'*«s ~ 

360-80 ElectroOptic Modulator. whTch s^eJTsTsfngl pu'^^^^^^^ suchasaConoptics 
repetitively to a DUT. as indicated at 610. A reference tes^soZ 6^^^^^ ^ °* ^ ^P^"^ 

a second optical modulator 616. both also toZx^cn Z.^^H 6'2 producing an output as indicated at 614. and 
Reference-laser source 612 can be oHhfccSuous w^ve ^^^^^^ T '° ^^'^""'^^ ^"'-^ ^^8. 

500, since extremely short pulses of durationiri ol ofT^rS ^"^^^^''^^^ Santa Fe Laser Co. model MYLS- 
616 blanks the CW lasertofL pulses 6^2 « ite lutpj i short alTn' ?^ '''^''"'^ "^""^'^^ 
608 and optical modulator 6 1 6 are guided to a t a^^^^^^ 

coupler, using beam deflectin g opti4 such as ,^^^^62?^ „ec^^ Aft "^-^ "^^ 10QM20LR 90/70 output 
laser pulses are focused through a fibe^SifteZSefSfZ- '^'^'P^^^'^S through beam combiner624. the 
where they are guided v« a polarized ZS^rcSroter sS to single-mode optical fiber 626 

At LSM 630. the output fromsinqleHrS^ootiS^t^^^ ,f ''^""'"^ microscope (LSM) 630. 

splitter 632 to beam steering SicTlS^'^^^^^^^ 

636 ontoa region, such aTacSegion erof a D^^^^^^^ "^"^ ^ ''^ probe.om?ng optS 

632 Where a portion is reflected. S^m^or Zlt'tl^ ,^^^ T''''''' "^^'^ «° ^er 

coupler 644 into a multi-mode fiber optic c^r^^! o^fJ^ ! approprate. and focused through a fiberoptic 
coupler 648 into a signal*eam pho cS ecSSls^hh^ = t l!""^ °' "°"P'^^ ''^^"9^' a fiberoptfeal 

Signal-beam photodetector 6^ isl^ fS n fmS LTaTdt? h f""?"'^ '"'^y^'^'" ^^2. The output of 
channel (mode-locked probe channJMrs^ o^^nT ^''^ ''^ ^ ^56 into the appropriate 

computerVocessing. e'p! to dS^l reflSed oS^^^ digitization' arS 

A portion of the Incident beZf ro^ f Srootl c«^^^^^^ ''^ reference-laser intensity. 

the likeasappropriate. andpas^^^T ooo^te^^^^^^^ " '''' ^"''^^^ ^ 

668 to an incident-beam photodetector 67Qru^^Z^ "^""'-'"ode fiberoptic cable 666 and fiber-optic coupler 
Piffier 672 and diverted TIZ'^cVIjImoZIZ^ photodetector 670 is amplifieS in an am- 

continuous-wave reference channel CW67S for d^^^^^^ T ^""^^-"^^'^ P^°^^ channel ML 676 or 

dent-laser pulse intensity. This measu^mln Srrmrtir/hnT. ' ' ' ^ '"^^^"^^ 
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repetitive pattern of test vectors to OUT 640. Timing generator subsystem 680 and its relationship to test vector gen- 
erator 682 and mode-lQcl<ed laser source 602 are sliown schematically in Figure 7. 

Test-vector generator 682generatesarepeatingsequence(aloop)ofNtestvector8andappliesthe8ea8a8tomul^^ 

to the DUTon lines 700. Test-vector generator 682 also supplies a start-of-loop marker which is used to synchronize 
he operation of laser-voltage probe system 600 to the operation of the DUT A probe-timing sequence generator, 
descrtoed below, controls timing (posrtion withm the test cycle) and width (duration) of refere,u:e and prabe pulses 
within the test-vector loop as well as sequencing of reflected and incident light detection in the electronics subsystem. 
AmveformontheDUTisacquiredbycollectingdatafromtheincidentandreflected light detector 

pulse is maintained in a constant timing position (Tr) relative to the start-ot-loop marker and the 

ttiroughaseries of fixedtiming positions relative to thestart-of-loop marker, from T(start-of-sweert 

Typically 500 different time positions are used, though the probe beam may remain al each time position for many 

thousands of test vector cycles to enable reduction In wavefomi noise through averaging or other processing of the 

ThfoStrt signal from a 100 MHz crystal oscillator 702 controls the mode locker of mode-locked laser source 602 
The internal electronics of mode-locked laser source 602 divides this signal by two. producing a 50 MHz drive signal 
for the mode locker, mode-locked laser source 602 generates pulses at twice the mode-locker rate. ^ . 

The output signal from oscilfator 702 also clocks a programmable divide-by-Q divider 704. the output of which is 
In tum applied via an adjustable delay 706 to one input of a phase comparator 708. The output of a voltage<ontrolled 
oscillatof (VCO) 710 is applied to a programmable dIvide-by-P divider 712. the output of which is applied to the other 
input of phase comparator 708. The output of phase comparator 708 is a voltage which controls the frequency of VCO 
710. The frequency (F) of VCO 710 is controlled by this loop to be: 



F = 100 MHZ * P/Q 



Test vector generator 682 uses VCO 710 as its vector-clock input. By adjustment of P and Q. the vector-clock 
f reauency (F) can be set over a wide range. 

Timing generator 682 is synchrbniied to the test loop by usinga test vector-as-a-marker- which indicates the start 
of the loop to reset the dh/ide-by-P counter 712. Also to maintain synchronism, the number N of vectors in the test loop 
Is programmed to: 



N = K*P 

where K is any integer. 



The start-of-loop marker is also used to reset a reference-delay counter 714. Reference-delay counter 714 gives 
an output signal after M vector-clock pulses. M being chosen to place the reference pulse at a desired position in the 
vector sequence. The output signal from reference^Jelay counter 714 starts a timing-sequence generator 716 which 
controls operation of the reference-signal detection channels of electronics 652. Output signal CWMod from timing- 
sequence generator 71 6 is used to dme optical modulator 616 in the CW laser light path, thus producing the reference 
pulse The other output signals of timing-sequence generator 716 are used by signal acquisition electronics 652 as 



doscribGCI bo low 

Position of the probe pulse relative the vector sequence is determined by divide-by-Q counter 704, synchronizer 
718 coarse probe-delay counter 720, and fine probe-delay 706. in the following manner. Fine probe delay 706 is 
continuously adjustable over a 10 ns range. As this delay is changed, the phase-locked loop forces a phase change 
of the VCO 710 relative to crystal oscillator 702 such that the start ofthe test toop is shifted relative to the crystal 
oscillator by 0-10ns. The time relatfonship of the 100 MHz laser-pulse train relative to thetestvectorpattem IS therefore 



Synchronizing device 718 receives as inputs the "start-of-test-loop- marker and the signal from divide-by-Q counter 
704 Synchronizer 718 supplies a pulse to coarse-probe-delay counter 720 on the first output from divWe-by-Q counter 
704 after the start-of-test-loop marker. The pulse from synchronizer 718 is used to synchronously reset the coarse- 
orobe-delay counter 720. Coarse-probe-delay counter 720 gives an output signal after G clock cycles of the crysta 
oscillator 702- this output signal starts a timing-sequence generator 722 which controls operation of the probe-s.gnal 
detection channels of electronics 652. Output signal MLMod from timing-sequence generator 722 is used to drive 
optical modulator 603 in the mode-locked laser light path, so as to select from the pulse tram one "probe laser pulse 
for each repetition of the test-vector sequence applied to the DUT The other output signals of timing-sequence gen- 
erator 722 are used by signal acquisition electronics 652 as described below As indicated in Figure 7, elements of the 
timing generator subsystem 680 are preferably controllable via control signals, such as may be provided from a pro- 
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gtammed general-purpose digital computer or other suitable source 

to the OUT. a waveform sucras Shot otlS^^^^^^ 

5 reference-timing sequence generatT^S enabtefa oLe^^^^ ^ °^ ^'9"^' ^W"^"! f™"' 

shown on line 806. When signal CWMc^ is prTducL SouSe^I!^^'"'' '"""^^^ ^16. as 

and CWIb. CW2b, CW3b, CW4b Pu^esCma^dcwTf^^^^ ^WSa. CW4a. 

are shown at 836 on line Sirpulses c5^^^^^ °" ""^ '^^^a and CW2b 

shown at 840 on line 816 sfgr^i miI^^^ ''^ °" ^^4. pulses CW4a and CW4b are 

'0 topassaprobepulsesilasrJJ^^TnesK^ 

MLta. ML2a, MLsa. ML4a. and ^ib M^b m^k^^ p^^^ 

pulses CW2a and CW2b a e^hc2ax'8^\^e?^^^ ^44 on line 818. 

CW4a and CW4b are shown atSonlS^r '^ '^^ 

generatedseparately so that propagation delay dmeren?esiEm«^^^ essentially identical but are 

pulses separated in time, one from the Snce lS oS jl^^^ '^^^ ^50 consists of two 

by amplifier 652. producing two voltageTutees |^ olut^« r °^^';'°V^« P'°b« "S^pulse. These are amplified 
SI for the time the refererie pulsesS Zt^rTmu7^l£';^TT^°''^^^ """"'^ '"^^^^ ^^'t'^h 

switch S2 for the time the probe pulse apSrs a *eT^^^^^^^ "^'^ 
902. Until switch SI closes, integrator 902 T^^e^Z l IsT^l T V , ^""^ *° '"♦«9^«to' 

SI closes, the reset is removed and inSlr1o2 i^^^^^^^^^ 

integrator 902 then remains const^H^te ^^0^12 hoH ^ TSlf • '"^ Photodetector 650. The output of 
state When control voltage CW3a gCestJ^l^f^^^^^ '""'^ ^^^'^ ''^^ «^P'« 

is transferred to sample and hoW ^4 S^ri^^ h^^eriST.f 1''^"^^' °" °' ^2 

and hold circuit 904 returns to the hold 0^0^*^^^^^^ 1 ""^^^ P"'«® ^^8 is high. Sample 

its reset state whencontrol voltage cSSrhi^^^S^^^^^ ^f^" ''r'^ 3°^* ^' ^'"^^^^or 902%etums to 
voltage levels, each of which ^e^ntt^^c^ZJ^^^^^^ '^"^ ^ °f « series of 

hold circuit 904 is amplified by a X^T^^^Zt^ ^ ,1^^^'"'''^ "'^^^ P"'^" "^^ °"»P"t °f ^^"'P'^ ^nd 
converter (ADC) 908. ?he gain' of '^^^6 fadfu te^y omroTstnll'? T °' -a.og.o-digital 

range of ADC 908. Control voltage CW4a controls meS,t« ™ ? *° ^""^ '^^ °"*P"* ^^"afl® ""^ 

ADC 903 represents the energy ^f .he rl^S SeTenf:^^^^^^ °^ ^''^ °"tP"t of 

1005 during the time that pulse 834^cS? Zal cwi^.t 1 "^^'^ '"^ laser pulse 

.he output Of gated Wegrator 902 goes Tas '? '^'T^ ^ ^' ""^^^""9 ^ 

.he output of sample and hold circu? 904. has a S ?Ji 5 rL^L2nJ.h« . ♦ '? ^"^^e Vc. appearing at 

appearing at the output of variable-gain amolifre 906 hl^I iTno^ ^ ^"^'^^ °^ P"'^^ Voltage Vd, 
1005, The reflected CW power date^ownlTll^^^^^^ a leve 1020 also representing the total energy of pulse 

sample Nofvo.tageonaZn^ft;raS^^^^ °' '^'^ ^^''^ -^P-- - 

conductor of the DUT, and so on comprising a sample N+1 of voltage on the same 

.heo!SrprSe^65iar^i^^^^^ 

S2 closes, integrator 912 is held inTrese. s^te bv^^tSvT I,?'"'.^ P""^ '° '"^"9^^'°^ 9^2. Until switch 
reset is removed and integrator 9 2 intrgle^the voS^o^^^^^^^ '^""^ ^^'"^^ closes, the 

then remains constant, .Jile samp^Zl^M clcT^^^^ "^^ °"*P"» °* '"^^S^^to^ 

control voltage ML3a goesfrom bw^o^ a?shorar84i CSS °^ ^ *° ^^'"P'^ ^t^^" 

.0 sample and hold circuit 914during the peLSe ^Int^;?^^ 

914 returns to the hold condition J.:: :Z':^ Z:r.'°?r''°''^^^. ^^^^ P"'^« is high. Sample and hold circuit 
When control voltage ML2a goes h^h The ou^tTsClt^^^^^^^ and integrator 912 returns to its reset state 
each Of which represents the total ene^y ofTrefS^ed ^^^^^^ 914 consists of a series of voltage levels. 

914 isamplifiedby a variable gainamplifSg 6 anSeTiZt^^^^^^ °' '^"'^'^ ^"^ "^^'^ 

918. The gain of amplifier 916 is adjusted by a qain conS^S^ k ^ 7"" °' ^" analog-to-digital converter (ADC) 
Contro.vo.geM.4acon.ro,stheLacon'v=pr^^^^^^^^^^ 
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the Sncerw X^^^^ other for the probe light pulse. These are amplified by amplff-.er 672 Prod"C'n9 
the reference "9™ PU'^e 334 , ^,,0^ S3 tor the time the incident-light 

hL lm2Dul2&42appears at the output Switch S3 passes the reference pulse to an integrator 922 Until swrtch S3 
T ^t^SJnrtlX held in a reset state by control voltage CW2b, shown at 836. When switch S3 closes, the reset 
closes. -"^^J^^^Jf pulse f rom photodetector 670. The output of integrator 922 then 

^rrconTta.^ 

SrSums to he S when' ontrol voltage CW3b goes low. and integrator 922 returns to rts rese sta e 

S voTge CwCc^rols the'data emersion operation of ADC 928. Data a, the output of ADC 928 represents 

the ouL of photodiode 670 and amplifier 672. Switch S4 passes the incident probe P^l^e ^ <S?i^« 
swit^S ctoses. Integrator 932 is held in a reset state by control voltage ML2b. shown at 846. When S4 clc«^ 
'he *sS^is re^^ed L integrator 932 integrates the voltage pulse from photodetector 670. The outpu of rtegrator 
Ser^ eS^Snstant i sample 

?oXte and hold circuit 934 during the perk>d while control voltage ML3b pulse 848 is high. Sample and hoW CH^mt 
9M^tums to t^e hold condition i control voltage ML3b goes low. and integrator 932 returns to rts reset ^e 
Te^ c^roivottage ML2b goes high. The output of sample and hold circuit 934 consists of a senes of vo"age leve s 
^c^^which represents the total energy of an ir,cident reference light pulse. The output of sample and hoW c.^u. 
Si aCmed by a variable gain ampimeV 936, and is then ap 
30 - - St T^Sn Of amplffier 936 is adjuLd by a gain control signal to bring its output voltage into f^^J^^ ADC 938^ 
cS vorge ML^, controls the 'data cor,version operation of ADC 938. Data at the output ADC93arepresents- 

*^z?Dcr:utSsT!i?Ji"^ 

which pr«>esseJ the data in the manner described betow in relation to Figures 12 and 13. The computer system also 
3s nftrformssvstem control activities not othenwise related to the present invention. 

i r ohoJn n ^vrnded «iT^^ scale at line 1104. is at a fixed time position relative to the OUT wavetom.. shown at 
Ene i; 02T iesSb^^bSve t^frefer«^^e pulse detector channe? integrates the output of a photodetector during 
he refe en^e ga ell d fin d by reference gate putee 834. During waveform acqufeition the probe light pu se 842 

40 from tS r^^e 1^^^^ laser is made to take a range of posrtions relative to the wavefomi. This « ^y (a) ph^e 
Ihminn fh« m«te.locked laser relative to the DUT waveform as described above with reference to Figure 7. and (b) 
usmg o^iT^ S^^^ efeSoi: pulse from the mode-locked laser pulse train for each repetitbn of the test- 
;rXTpliedtothe DUT UnellOS Of Figurell Shows probe gato pulse 848 p^^^^^^^ 
t1 relates to DUT waveform 1102 during one repetition of the test-vector pattern; line 1110 shows probe gate pulse 

45 848 positioned with a different time shift t2 relative to DUT waveform 11 02. , , , ^, , „h,a««n..af Anthem 

ODtical modulator 608does not block the unwanted mode-locked-laser pulses completely but only attenuates them 
bv a°S oTSt 50?to 1000 (for one modulator crystal) and up to 1 00.000 (for two modulator crystalsin senes). 
^^stiq^n^eTked-laserpulses,^ 

^teSs^iSrring in Jreferenoe gato time defined by pulse 834. such as 9ial pulse 11 18 ^^^^^^^ 1^12^ wiH 
be included as part of the reference^julse energy measurement. No vestigial mode-locked-laser P^^^f 
reference qate Le when the mode-locked laser is shifted relative to the test-vector pattern as in line 114. The numbe 
JsTc;; veS^iror-S:ked-laser pulses in 

if fhfl reference aate time is exactly a multiple of the mode-locked-laser repetition rate. 

Tolr to co?eI fo^^ the inaccuracies introduced by the presence of vestigial mode-locked Jser pulses, a three 
mode rasu/ement is adopted for each sample posrtion in a wavefom, as is shown in Figure 1 2. This scheme assumes 
r^peTt^g D^v^vefo^^ a trigger signal occurring at the start of each repetition 1 201 a reference CW putee 
?2ran?corresponding measurement gate 1204. and a ML probe pulse 1 205 and corresponding measurement gate 
ISlTn M^e 1 ^CW laser is puls^ at time t,and the ML pK.be modulator is always off (leaving only vestig^l 
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range of lO's - 1 0OO's depending onTystem oerfoSnl . t °' ^P'^^^^'V <he 

laser is pulsed ( /,) but the CW refer^nc^^^^^^^^^ Tf' '° ' ^^^'^ P^°''e 

reflected CW channels due to the verja, pSer^^^^^^^^^^^ ""''^''^ 
system then moves to Mode 3 in which b<Sh CW refet^ce i^^^^^^ " "^^^^ 

reflected signals for both channels stored Th««*hr!.!^ ^ P"'^'' 3"'* '"cident and 

curacies as will be Ascribed bet^ '"'^^ '° '^"^^ inac- 

IstaR^n^rwnTnts'Lr^^^^^^ 

as summarized in the flow Chart Of Rg ^ ^-^e S^^^^^^ 

wavefomi. This can be in the range of 10's to lOOrSSnS r!. "T^ T'''"' '"""''^'^ P°^"'°" 
then sets the system tosampleaspecfflcDittJn«^^^^^^^^ ? ' ''^^"^^ operator 

andthecomplrsyste^XlsSc^CtheSw^^^ 

stores onV L and /?mn sTrrDe JeXimi '"^^ P"'^'' ML is off. and 

as IVIode 1 Offsets. 1.10^2 feZ Si i^iTe^S^l! ^T^'" °' ^ '^'""calculated. These are stored 
that the CW is Off and the ML is pu^^ Sd^toSs ^TZ7^T"r^''^"' *° ''^ "^^^^^ «"ch 

and flccalculated. These are storS^ S«fe 2 Ss«s Sie a f, tH ' ""'^ ^^«'^9«« °' ^ 

to control the CW and ML lasers Z^tt^T^m ^e^s^L^^^^^^ T"" '"^P"""^ "^^"^'^ 

times and true averages of lr,m RZlca^dRrSlT 1^ ' "'^ '^^ repeated N 

thetruevalues^d,?s.iscru^f^'^nlTm'a:ne^r^^^^^ 

a display as the waveform value at position n Thus bv db^^nSlt « v °' ^'^P"^ ^ 

can be de,em,ined. This can be ^e^^^e^c Je^^^ ^1^^^^^ '? 

accessed by a workstation which can Jso be uTed to i^t ht^a^^^^^ '^''^"^ 

images obtained by the dual-laser probe system '"fomnafon to the computer system and display 

o,thr;::rrdrr;^^^^^^^ 



30 Claims 



^5 



40 



45 



SO 



ss 



p\«\'SXtCo;t3^^^^^^ frtt:' ^ "'^T'"^ ^"^'"^ ^^^'^ 

thereby produce a reflected-lighfpr^be Zple P"'^^ ^PP"'^^' 

detecting energy reflected fram tS^reoton asSe "^"f P^<*«-^s«^ P^^e is applied, and 

flected-light reference sample ^ reference-laser pulse s applied, to thereby p«xJuce a re- 

eZ'SZV^::'::^^^^^^^^ r -pie tor each rep- 

to the reflected-HghTp°cie slm^^^ ' '^'"^'^ "^^'"9 '^P^^^^^ signal-to-noise relative 

'aSrXSti eaTrS^^^^^^ ''"'^^ ^ ^'^'^^ »° -'--e- 

a.p.u.i.ofse.ec..^ 

I^d'rX'ri^eied^^^^^ 

reflected.„om%aid region t^rSulTS^^elTl^^^^ ""P"'^ ^^-^P"^^^ ^^'^-^^^^ «"«^9y 

912doringaprobe-gateperbSS*whenr^^^^^^^^^ 

Signal to a referencLignal inteqrator dur^^^^ 

applied to said region. ^ ""^ ^ reference-gate period 834 when the reference-laser pulse is 

The method Of Claim t. Wherein applying the probe-laser pulse 842 to said region comprises generatingatrain Of 
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pulses 606 from a mode-locked laser source 602. selecting the probe^aser pulse from said train of pulses, and 
applying the selected pulse to said region. 

5 The method of claim 4, wherein applying the reference-laser pulse 832 to said region comprises generating a laser 
beam from a reference source 61 2. gating the laser beam to produce the reference-laser pulse, and applying the 
reference-laser pulse to said region. 

6 The method of claim 1 . wherein detecting energy reflected from said region as the probe^aser pulse is applied 
comprises producing a detector signal by detecting energy reflected from said region as the probe-laser pulse is 
applied, producing an integrator signal by integrating the detector signal during a probe-signal gate period 846. 
producing a sample signal by sampling the integrator signal, and producing the reflected-light probe sample by 
digitizing the sample signal. 

7 The method of claim 1 . wherein detecting energy reflected from said region as the reference-laser pulse is applied 
■ comprises producing a detector signal (Va) by detecting energy reflected from said region as the reference-laser 

pulse is applied, producing a reference integrator signal (Vb) by integrating the detector signal dunng a reference- 
signal gate period 836. producing a sample signal (Vc) by sampling the reference integrator signal, and producing 
the reflected-light reference sample by digitizing the sample signal. 

8 The method of claim 1 . wherein applying the probe-laser pulse 842 to said region comprises adjusting phase 
relationship of the pattern of test vectors relative to a train of pulses from a mode-locked-laser source, selecting 
a pulse from said train of pulses, and applying the selected pulse to said region of the device. 

9 The method of claim 1, wherein applying the piobe-teeer pulse 842 to said regton comprises: generating a clock 
signal synchronizing operation of a mode-locked-laser source 602 to the clock signal, generating strain of pulses 
606 from the mode-kxked laser source 602, derivlngfrom the clock signal an adjustabletest^ector clock, applying 

the adjustable test-vector clock to a test-vector generator 682 to produce the pattern of test vectors in a selected 
phase relatfonship to the train of pulses 606. selecting the probe-laser pulse from the train of pulses, and applying 
the selected pulse to said region. 

10. The method of claim 1 . further comprising the step of compensating for variatrons In incident power level Of the 
probe-laser pulse and of the reference-laser pulse. 

1 1 The method of claim 10, wherein compensating for variations in incident power level comprises: detecting incident- 
' energy level of the probe-laser pulse, detecting incident-energy level of the reference-laser pulse, using the de- 
tected incident-energy level of the probe-laser pulse to normalize intensity of a probe-laser-pulse source, and using 
the detected inckJent-energy level of the reference-laser pulse to nomtialize intensity of a reference-laser-pulse 
source. 

12. The method of claim 4, wherein selecting the probe-laser pulse from saW Uain of pulses comprises suppressing 
unwanted pulses from the train of pulses in an optical modulator 

13 The method of clam 12. wherein suppressing the unwanted pulses comprises passing vestigial pulses, further 
' comprising the steps of: detecting energy of any vestigial pulses v, occurring during a reference-gate intewal 1204 
as a reference-signal offset and using the reference-signal offset to compensate the reflected-light reference sam- 
ple- and detecting energy of any vestigial pulses V20ccurring during a probe-gate inten/al 1 206 as a probe-signal 
offset and using the probe-signal offset to compensate the reflected-light probe sample. 

1 4. The method of claim 8. wherein selecting a pulse from said train of pulses comprises suppressing unwanted pulses 
from the train of pulses in an optical modulator. 

IS The method of claim 14. wherein suppressing the unwanted pulses comprises passing vestigial pulses, and where- 
' in detecting energy reflected from the region as the reference-laser pulse is applied comprises detecting energy 
from the region during a time reference-gate inten/al 834 which includes a selected number of said vestigial pulses. 

1 6. Apparatus for probing an integrated circuit device with laser light to acquire samples of a waveform appearing on 
the device as the device is exercised by a repetitive pattern oftest vectors, comprising: 
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a. a laser-optical system 604. 630 for applying a probe-laser pulse 832 to a region of the device at a selected 
time dunng each repetition of the pattem of test vectors and for applying a reference-laser pulse 842 to said 
region of the device at a time during each repetaion of the pattem of test vectors which is displaced relative 
to the time at which the probe-laser pulse is applied; 

b. a reflected-power detection system 630. 652 for detecting energy reflected from the region as the probe- 
aser pulse is applied, to thereby produce a reflected-light probe sample, and for detecting energy reflected 
from the region as the reference-laser pulse is applied, to thereby produce a reflected-light reference sample- 

c. a processor for preparing a ratio of the reflected-light probe sample and the reflected-light reference sample 
for each rep&tition of the pattem of test vectors to produce a waveform sample having improved siqnal-to- 
noise relative to the reflected-light probe sample. a 

1 7. The apparatus of claim 1 6. wherein the selected time of the probe-laser pulse 832 is offset relative to the reference- 
laser pulse 842 within each repetition of the pattem of test vectors, and wherein a waveform samples are produced 
at a plurality of selected times within the pattem of test vectois to reconstruct the waveform by equivalent time 

sampnng. 

18. The apparatus of claim 16. wherein the reflectedijower detection system comprises a reflected-light detector 650 
responses to energy reflectedfrom said region to produceareflected-lightdetectorsignal,apro 

91 2 for integrating the reflected-light detector signal during a probe-gate period 844 when the probe-laser pulse 
IS applied to said region, and a reference-signal integrator 902 for integrating the reflected-light detector signal 
during a reference-gate period 834 when the reference-laser pulse Is applied to said region. 

19. The apparatus of claim 1 8. wherein the probe-signal integrator 912 produces an integrator signal and wherein the 
reflected-power detection system further comprises a sample-and-hold circuit 916 for sampling the integrator to 
produce a sample signal, and an analog-to digital converter 918 for digitizing the sample signal to produce the 
reflected-light probe sample. 

20. Theapparatus of claim 16. wherein the laser-optical system comprises a mode-locked-laser source 602 for oen- 
eratmg a tram of pulses 606. and an optical modulator 608 for selecting the probe-laser pulse from the train of 
pulsds. 

21. The apparatus of claim 19. wherein the laser-optical system further comprises a reference source 612 for gener- 
ating a laser beam 61 4. and an optical modulator 61 6 for gating the laser beam to produce the reference-laser pulse. 

22. The apparatus of claim 20. wherein the laser-optical system further comprises a beam combiner 620 and optical- 
transmission elements 624. 626, 628 634. 636 forapplying the probe-laser pulse and the reference-laser pulse to 

said region. ^ 

23. The appa^tus of claim 1 6. wherein the reflected-power detection system comprises a detector 650 for detecting 
energy reflected from said region as the reference-laser pulse is applied to produce a detector signal (Va) an 
integrator 902 for integrating the detector signal during a reference-signal gate period 836 to produce a reference- 
integrator signa (Vb). a sample-and-hokJ circuit 904 for sampling the reference-integrator signal to produce a 
sample 8ignal.(yc). and an analog-toOigital converter for digitizing the sample signal to produce the reflected-light 
rererdncd sample. ^ 

24. The apparatus of claim 16, wherein the laser-optical system comprises a mode-locked-laser source 602 tor pro- 
ducing a train of pulses and an optical modulator 608 responsive to a timing generator 680 for selecting the probe- 
laser pulse from the train of pulses, and wherein the apparatus further comprises a timing generator 680 for pro- 
viding a signal MLMod to control the optical modulator and for providing an adjustable clock signal to adjust phase 
relationship ofthe pattern of test vectors relative to the train of pulses. 

25. The apparatus of claim 24. wherein operation of the mode-locked-laser source is synchronized to a fixed clock 
signal, and wherein the timing generator 680 comprises an oscillator 702 for generating the fixed clock signal and 
a variable-frequency source 710 for deriving the adjustable clock signal from the fixed ckx:k signal. 

26. The apparatus of claim 16, a incident-power-compensatfon subsystem 632. 662, 670, 672 674 676 678 for com 
pensating variations in incident power level ofthe probe-laser pulse and ofthe reference-laser 'pulse. 
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27. The apparatus of claim 26, wherein the incident-power-compensation subsystem comprises a beam splitter 632 
• ' for diverting a portion of light from the probe-laser pulse and the reference-laser pulse, an incident-beam detector 

670 for detecting energy level of the diverted light to produce an incident-beam detector signal, an integrator 832 
for Integrating the incident-beam detector signal during a probe-gate period 844. and an Integrator 822 for inte- 
grating the incident-beam detector signal during a reference-gate period 834. 

28. The apparatus of claim 27. wherein the incident-power-compensation subsystem further comprises circuits 824, 
828. 834, 838 for sampling and digitizing the integrated Incident-beam detector signal to produce incident-power 
data representing detected Incident-energy level of the probe-iaser pulse and of the reference-laser pulse. 

29. The apparatus of claim 1 9, wherein the optical modulator 608 selects the probe-laser pulse from saidtrain of pulses 
by suppressing unwanted pulses from the train of pulses. 

30. The apparatus of claim 29, wherein the optical modulator 608 passes vestigial pulses when suppressing unwanted 
pulses, and wherein the reflected-power detection system detects energy reflected from the region as the refer- 
ence-laser pulse is applied by detecting energy from the region during a time reference-gate Inten/al 834 which 
includes a selected number of said vestigial pulses. 
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FIG. 3A 
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(57) A probe beam Is used to sample tlie waveform 
on an 10 device under test (DUT) during each cycle of 
a test pattern applied to tiie DUT A reference laser 
beam is also used to sample the DUT For each cycle 
of the test pattern, the reference and probe beams sam- 
ple the DUT at the same physical location, but at dis- 
placed times with respect to each other Each reference 
measurement is made at a fixed time relative to the test 
pattern while the probe measurements are scanned 
through the test-pattern time portion of Interest, in the 
manner normal to equivalent time sampling, to recon- 
struct the waveform. For each test cycle, the ratio of 
Ihese two measurements is tal<en. The fluctuations of 
these ratios due to noise is greatly reduced as compared 
to fluctuations of the probe measurements taken alone. 
Thus, a smaller number of averages is required to re- 
construct the waveform. 
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